Abstract The solid-phase extraction (SPE) technique applied to the extraction of organic compound was creatively used as the extraction of inorganic gold in the paper. Two types of techniques were proposed and explored, namely the SPE and the liquid-liquid extraction (LLE) of the quaternary ammonium surfactant [cetytrimethyl ammonium bromide (CTMAB), cetyl pyridine bromide (CPB), benzyl dimethyl dodecyl ammonium chloride (BDMDAC), and dodecyl trimethyl ammonium chloride (DTMAC)]. The surfactant could react with Au(CN) 2 -to form the ionic complex, and the compound could be extracted by SPE column of reversed-phase bonded silica gel. Hence, a new method of SPE was proposed to extract gold with these features of the high selectivity, the reliability, and the simplicity. The experimental result shows that the recovery rate of gold is more than 98 %, and the solid-phase extraction column is not easily damaged and it can be repeatedly used. The new method can be used as the extraction process of gold from alkaline cyanide solution as well. Besides, the paper also puts forward a new process of gold extraction.
Introduction
Cyanidation is the dominant process in the domestic and foreign gold extraction process. Therefore, the gold extraction from alkaline cyanide solution becomes a hot and difficult subject. The traditional methods used to extract gold from alkaline cyanide solution mainly contained the metal reduction method and the liquid-liquid extraction (LLE) method. However, these two methods have a lot of disadvantages, such as the serious environmental pollution, high cost, time consuming, low enrichment factor, consuming large amounts of organic solvent, prone to the third phase, etc.
Chen et al. proposed the approach of first adding quaternary ammonium surfactant into the alkaline cyanide solution, and then extracting gold with LLE method in the alkaline cyanide solution [1] [2] [3] [4] [5] [6] [7] [8] . Although this method obtained a better result, it could not completely overcome the abovementioned disadvantages yet. Therefore, to our knowledge, the successful literatures concerning the field can rarely be found in domestic and foreign reports up to now.
The solid-phase extraction (SPE) technique was a kind of enrichment and separation technique [9] [10] [11] [12] [13] [14] [15] [16] . The SPE technique possessed a lot of advantages in many areas. Particularly, the SPE column of the reversed-phase bonded silica gel was provided with the retention characteristics of the hydrophobic association. The characteristic was suitable for the enrichment of trace amounts substance in aqueous solution.
With regard to the SPE technique of reversed-phase bonded silica gel, the research mainly focused on the organic compound in the past. However, this kind of research was rarely used in inorganic compound. Based on Refs. [17] [18] [19] [20] , the authors proposed and explored the two types of techniques, namely the SPE and the LLE of the quaternary ammonium surfactant. The joint research of the two types of techniques obtained satisfactory results, and we are looking forward to discovering some new highlights and enriching the knowledge of extraction chemistry in theory.
Experimental

Apparatus
SPE column is shown in Fig. 1 for the Sep-Pak R Cartridge (purchased from Waters Corporation, America). Each column was packed the filler of 0.33 g with reversed-phase bonded silica with 30 lm particle size, with pH of 1-12. The column must first pass through a certain amount of ethanol in order to activate, and then use distilled water to wash away the residual ethanol, and at last it could be used as sample extraction. The fillers of C 18 , C 8 , C 4 , and C 2 columns are, respectively, octadecyl, octyl, butyl, and ethyl chemically bonded silica gel. The apparatus is as follows: UV-2401 ultraviolet spectrophotometer (Shimadzu Corporation, Tokyo, Japan); Beckman u 200 pH meter (Beckman Instruments, Fullerton, CA, USA); the 8302 type of thermostatic water bath pot (Yuhua Instrument Factory, Gongyi, Henan, China)
Reagent
The NaOH solution of pH 10.5 was prepared with the NaOH of analytical grade through dissolving with distilled water. The NaOH solution of pH 10.5 was used as the preparation of all solutions.
A stock standard solution of gold (2 gÁL -1 , namely C Au = 0.01015 molÁL -1 ) was prepared with the KAu(CN) 2 of analytical grade through dissolving with the preparation.
A working solution of gold (50 lgÁml -1 , namely, C Au = 2.538 9 10 -4 molÁL -1
) was prepared through diluting the above stock standard solution with the preparation.
Cetytrimethyl ammonium bromide (CTMAB) solution (0.01015 molÁL -1 ) was prepared with the CTMAB of analytical grade through dissolving with the NaOH solution of pH 10.5, and CTMAB solution (2.538 9 10 -4 molÁL -1 ) was prepared through diluting the above solution with the preparation.
Cetyl pyridine bromide (CPB) solution (0.01015 molÁL ) was prepared through diluting the above solution with the preparation.
Benzyl dimethyl dodecyl ammonium chloride (BDM-DAC) solution (0.01015 molÁL -1 ) was prepared with the BDMDAC of analytical grade through dissolving with the NaOH solution of pH 10.5, and BDMDAC solution (2.538 9 10 -4 molÁL -1 ) was prepared through diluting the above solution with the preparation.
Dodecyl trimethyl ammonium chloride (DTMAC) solution (0.01015 molÁL -1 ) was prepared with the DTMAC of analytical grade through dissolving with the NaOH solution of pH 10.5, and DTMAC solution (2.538 9 10 -4 molÁL -1 ) was prepared through diluting the above solution with the preparation.
The water used was once distilled water. The solid-phase column was the C 18 column (unless otherwise stated). The molar ratio of quaternary ammonium salt surfactant to KAu(CN) 2 in the extracted solution under the experimental condition was 1.5:1.0. Namely, the calculated concentration of gold in the mixed solution was 20 lgÁml -1 (unless otherwise stated). 
molÁL
-1 ) was pipetted accurately into a 100 ml Erlenmeyer flask, and then 30 ml of quaternary ammonium surfactant solution (C = 2.538 9 10 -4 molÁL -1 ) was added into the Erlenmeyer flask. Subsequently, the solution was mixed well and placed about 5 min at room temperature. The solution would pass through the SPE column at a flow rate of 15 mlÁmin -1 (the SPE column must be loaded with a certain amounts of surfactant (C = 0.01015 molÁL -1 ) before the sample passed through the column). After the enrichment was finished, the retained ionic complex was eluted from the column at a flow rate of 5 mlÁmin -1 with 6.0 ml of ethanol in the reverse direction. Two types of methods were used to calculate the recovery rate of gold. On the one hand, 1 ml of SPE raffinate was accurately taken out, and subsequently digested cyanide with sulfuric acid and nitric acid, and the amount of gold was measured with malachite green spectrophotometry. The recovery rate of gold could be calculated according to the difference between the amounts of added gold and poured gold, that was divided by the amounts of added gold (if the SPE raffinate was not detected in gold, and it was considered that the gold was completely extracted). On the other hand, the determination of gold in the eluant also utilized malachite green spectrophotometry, but the ethanol in the eluant must be removed by evaporation before the cyanide in the eluant was digested with sulfuric acid and nitric acid. Otherwise, the ethanol in the eluant would cause explosion. According to the ratio of the amounts of measured gold to the added gold, the recovery rate of gold could be calculated. In this experiment, the two types of the methods of calculating recovery rate of gold can achieve mutual authentication purpose.
Results and discussion
3. The results can be observed from Fig. 2 . The recovery rate of gold increases after the surfactant was added into the samples, but the recovery rate of gold does not again increase when the molar ratio of surfactants to Au reaches to 1.25:1.00, and the recovery rate of gold reaches only about 60 %. However, if the solid-phase column was loaded with a certain amounts of surfactant (C = 0.01015 molÁL -1 ) before the samples passed through the column, then the recovery rate of gold can reach above 98 %. Of course, the samples must be added proportionally into surfactant. So, the experimental condition is recommended that the molar ratio of surfactants to Au is 1.5:1.0, and the solid-phase column must be loaded with a certain amounts of surfactant (C = 0.01015 molÁL -1 ) before the samples pass through the column.
Effect of acidity
According to Refs. [21] [22] [23] , the condition of existence and stability of Au(CN) 2 -was pH [ 9.4, and the used acidity range of the SPE column was pH 1-12. Therefore, some experiments were carried out in order to find the influence of the pH on the recovery rate of gold. The result shows that when the pH varies in the range of 9.5-12.0, the recovery rate of gold is all more than 98 %, and the change of pH does not affect the recovery rate of gold. Therefore, the experimental condition of pH 10.5 is recommended considering the actual situation.
Effect of flow rate of passing through column
To investigate the effect of the flow rate of passing through the column on the recovery rate of gold, the result shows that the recovery rate of gold is all more than 98 % when the flow rate of passing through column is less than 25 mlÁmin -1 . However, it begins to decline when the flow rate is more than 25 mlÁmin -1 . The conclusion can be drawn that the flow rate is so quick that the ionic complex, from which surfactant can react with Au(CN) 2 -to form the ionic complex, cannot be completely adsorbed by the stationary phase. Therefore, the -4 molÁL -1 ) and the 30 ml of surfactant solution (C = 2.538 9 10 -4 molÁL -1 ) were put accurately in a 100 ml Erlenmeyer flask, and then the solution was mixed. In this procedure, usually a lot of the solutions were prepared. Each solution passed through C 18 column at the flow rate of 15 mlÁmin -1 . The volume passing through the column of each surfactant of CTMAB, CPB, BDMDAC, and DTMAC exceeded to 1300, 1250, 850, and 200 ml, respectively; then, the gold begins to leak from the SPE column, which is considered that the extraction column reaches the saturation of gold extraction. Therefore, the maximum extraction capacities of CTMAB, CPB, BDM-DAC, and DTMAC are, respectively, 26, 25, 17, and 4 mg by calculating. The extraction capacities of C 18 column of CTMAB, CPB, BDMDAC, and DTMAC were controlled in 23, 23, 14, and 3 mg, respectively, because the extraction capacity cannot exceed the maximum extraction capacity, as shown in Tables 1 and 2 .
Determination of maximum extraction capacity of C 8 , C 4 , C 2 columns
The method of operation is the same as the one described above in Sect. 3.4.1. In this paper, the maximum extraction capacities of C 8 , C 4 , C 2 column were explored. The results are shown in Table 1 . The conclusion can safely be drawn that the maximum extraction capacity of column declines with the descending in the order of the length of alkyl chain of surfactant, and the maximum extraction capacity of C 18 column is the highest among the four kinds of the experimental surfactant. Therefore, the column of C 18 and the surfactant of CTMAB are recommended, because the surfactant with chloridizing is cheaper than that with bromide. Moreover, the column of C 18 is easy to be purchased. Recovery rate of gold being all more than 98 % Enrichment amounts of C 18 column cannot exceed maximum extraction capacity of C 18 column described in Table 1 . Therefore, enrichment amounts of gold being less than maximum extraction capacity of C 18 column SPE gold from alkaline cyanide solution 285
3.5 Effect of eluant, volume of eluent, and flow rate of eluting
The eluant, mainly methanol, ethanol, acetonitrile, acetone and tetrahydrofuran, could completely elute the enriched ionic complex. Because of the less toxicity, the weaker volatile and the cheaper price of ethanol, it is selected as the eluant. The volume of the eluant is seriously related to the amounts of the enriched ionic complex and the flow rate of eluting. It is to say that the more the enriched ionic complex is, the more the eluant is needed. At the same time, the faster the flow rate of eluting is, the more the eluant is required. When the enrichment amounts of gold are 23, 23, 14, and 3 mg, respectively, the volume of eluant required could be 6, 6, 4, and 3 ml, respectively, as exhibited in Table 2 . The experiment also recommends that the flow rate of eluting should be 5 mlÁmin -1 , considering the enrichment factor and the elution time.
3.6 Mechanism of reversed-phase SPE and enrichment gold
Mechanism of reversed-phase SPE process
Reversed-phase SPE is a liquid-solid extraction mode, which is established on the base of the hydrophobic characteristics of surface among the solute, the polar mobile phases, and the nonpolar stationary phase. The extraction process is a physical extraction process, which includes liquid phase and solid phase. In the course of extraction, the adsorption of the solid phase for the solute is greater than that of the solvent, when the sample passes through the solid-phase column, and the solute with hydrophobic groups can be retained in the column. The stronger the hydrophobic property of the hydrophobic groups of the solute is, the bigger the retention value of the solute is. In fact, the Au(CN) 2 -that has no hydrophobic property cannot be extracted directly by reversing phase stationary phase. However, when quaternary ammonium surfactant was added into the solution with the Au(CN) 2 -, they could react each other to form the ionic complex with hydrophobic property [24] [25] [26] . The ionic complex in aqueous solution, which passed through the reversed-phase SPE column, could be adsorbed in the reversed-phase SPE column because the adsorption of the stationary phase is stronger than that of the water solvent.
Mechanism of eluting process
During the elution process, because the adsorption of reversed-phase stationary phase for the enriched ionic complex is less than the adsorption of the eluent for the ionic complex, the enriched ionic complex is eluted down [27, 28] . In this experiment, when the pure organic solvent was used as an eluent, the eluting efficiency of the eluent declines with the enhancement of the polarity of the eluent (methanol \ ethanol \ acetonitrile \ acetone \ tetrahydrofuran). When the mixed solution of polar organic solvent and water was used as an eluent, the higher the organic solvent proportion of the eluent is, the stronger the eluting efficiency of the eluent is.
Recovery rate of different initial gold concentration
Referring to the concentration of the mining actual sample, the influence of the different initial gold concentrations on the recovery rate of gold was tested. The results are shown in Table 2 . The conclusion can be drawn that different initial gold concentrations have no effect on the recovery rate of gold, and the recovery rate is more than 98 %. Table 2 also shows that the enrichment factor of the low concentration sample is higher, and the enrichment factor achieves to 1,916 times. This means that the SPE technique has obvious advantage on the low concentration sample.
Interference of coexisting ions
In order to investigate the selectivity of the method, some experiments were done to observe whether there are some influences of coexisting ions on gold extraction or not. 
Determination and results of samples
In order to verify the reliability, reproducibility and accuracy of the method, six actual samples (low, medium, high concentration of gold in cyanide solution) were measured with the proposed method. The determination result of the method was compared with the determination result of the atomic absorption spectrophotometry. The results are exhibited in Table 3 . It can be observed from Table 3 that the relative deviation is less than 10 %, the relative standard deviation (RSD) is less than 5 %, and the recovery rate of gold is greater than 98 %. It can be drawn the conclusion that the method in this paper is reliable, reproducible, and accurate.
Process flow diagram of solid-phase extraction of gold
Based on the experimental results and the experimental phenomena, the authors propose a new process of separation and preconcentration of gold from alkaline cyanide solution, as shown in Fig. 3 . If the expansion test can be successful, then it will provide a possibility of the extraction of the low-content gold ore. The new process implies an important significance.
Conclusion
This paper demonstrates the successful extraction and enrichment gold from alkaline cyanide solution with SPE (initial gold concentration ranges from 5 to 50 lgÁml -1 as the simulated samples). The recovery rate of gold is higher than 98 %. The newly established method not only applies to the pretreatment of the sample, but also the new process of gold extraction from alkaline cyanide solution. The method is verified what is reliable, reproducible, and accurate, which determines the six low, medium, high concentration actual samples by comparing with the new method's analytical result with the determination result of the atomic absorption spectrophotometry. The new method is of high selectivity by determining the interference of coexisting ions. The method solves the common problem, i.e., the more and more difficult pretreatment of the sample. The new method can also be used as the extraction process of gold from alkaline cyanide solution. Therefore, a new process of gold extraction was put forward. The extraction efficiency of surfactant is in such an order (CTMAB & CPB [ BDMDAC [ DTMAC). The extraction capacity of the SPE column, which excludes the surfactant of DTMAC, is in such a subsequence (C 18 [ C 8 [ C 4 [ C 2 ). Therefore, the paper recommends the surfactant CTMAB and C 18 column, according to their economic and easily purchasing characteristics.
